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The present report describes an apparatus sensitive to very small concentrations of Evans blue dye, allowing repeated, successive determinations of cardiac output and residual volume. However, when only small amounts of Evans blue dye are injected, changes of oxygen From the Medical Clinic B, Rigshospitalet, University of Copenhagen, Denmark.
Received for publication May 23, 1955. saturation of the blood sampled during the time of the experiment will be of increasing influence on the dye curve obtained. 8 ' 9 In constructing a new apparatus for continuous registration of Evans blue dye in whole blood, it was our intent to fulfill the following criteria: (1) Sensitivity to very small concentrations of dye. (2) Automatic correction for changes in oxygen saturation of the blood sampled. (3) Automatic correction for changes in sensitivity of the photocell and amplifier, as these factors are significant when the concentrations of Evans blue dye are low. (4) Shortening of the tubes conducting the blood to the cuvette, and diminishing the volume of the cuvette as much as possible in relation to the volume of the conducting tubes, in order to diminish mixing of successive concentrations of Evans blue dye in the blood during its passage through the cuvette.
BASIC PRINCIPLE OF THE APPARATUS
(1) The system producing a flow of blood at constant rale through the cuvetie: The inflow side of the cuvette is by a three cm. long metal tube adaptable to a cardiac catheter, or by a plastic tube to a needle in artery. The outflow side of the cuvette is by a lubber tube and two reservoir bottles connected to a vacuum pump. By adding a reduction valve any degree of vacuum and rate of blood flow through the catheter into the cuvette and the reservoir bottles can be achieved.
(2) The optical part consists of two detachable units, one of which includes the source of light, color filters and cuvette. The second unit contains an R.C.A. 931A photomultiplier tube.
The light is supplied by two filament lumps. The light from one lamp passes through a red filter which has maximal transmission at 610 iru* (15 per cent) and absorbs all light below the wave length of 580 ttifi. The light from the other lamp passes through a green filter with maximal transmission at 560 m/i (6.2 per cent) and a band width of 20 mji. As the photomultiplier tube used is not sensitive to infrared light, an infrared filter is omitted.
The cuvette shown in cross section in figure 1 consists of an inflow half and an outflow half. The inflow chamber (r) is 0.7 mm. high, where it is passed by red light, the outflow chamber (g) is 0.35 mm. high, where it is passed by green light.
The wall of the cuvette closest to the photocell is constructed of a mixture of Araldite Ciba (epoxyrescin) and graphite. Into this wall are built glass windows, allowing transmission of red and green light which has passed the chamber of the cuvette; diffused light is filtered off.
(3) The pholo-electrical part: ( fig. 2 ) the lamps (L r , L,) are connected in series and receive a 25 Volt 50 cycles per second Alternating Current supply from the mains transformer, Ti. Between the midpoint of the lamps and the midpoint of the transformer a 15 Volt Direct Current source is inserted in series with the secondary winding of the transformer, T 2 . One lamp thus gives light during the positive phase of the A.C., the other lamp during the negative phase. The light of the lamps is phase distorted approximate!}' 90 degi'ees in relation to the A.C. due to the thermal capacity of the filaments.
The light from the lamps passes through the color filters and the cuvette to the phototube, which is thus given a shift of red and green light 100 times per second. The output of the photo-tube therefore is a 100 c/s A.C, of which every second peak is due to the red light, and the others to the green light. A decrease of the intensity of light from one lamp will produce a difference in amplitude of two successive peaks of the alternating current output from the photo-tube. In this way a 50 c/s component is derived, the phase of which is shifted ISO degrees according to the dominance of red or green light. This 50 c/s component is amplified and governs a two-phase mains operated servo-motor. When red light through the cuvette dominates, the motor rotates in one dilution, and in the opposite direction, when green light dominates.
The motor drives the potentiometer, Pi, and the direct writing system of the apparatus. Changes in the position of Pi will produce a 50 c/s A.C. in the transformer, Tj, of the same phase as the current of the lamps. The voltage of T,'s secondary winding is added to the voltage of the direct current at the mid-point of the lamps. In this way the alternating voltage of one lamp is increased and the voltage of the other lamp decreased, until the amplitude difference produced by the light absorption in the output of the phototube is eliminated.
(4) The direct writing system: The writing lever of the direct writing system is connected to the axis of the potentiometer, Pi, and provisions are made to avoid arc distortion (total deflection 12 cm. maximal arc distortion one quarter mm.). The recorder is supplied with an axtra pen for marking purposes.
DISCUSSION
The apparatus facilitates cardiac output determination by the dye method and makes possible the determination of concentrations of Evans blue dye in blood sampled through a cardiac catheter. Though the sampling of blood from the brachial or femoral arteries as described by Hamilton 10 and Lagerlof, 11 undoubtedly is accurate, the analyses of the blood samples are time consuming, and adequate sampling of blood through a cardiac catheter difficult.
The importance of the possibility of several, successive determinations of cardiac output is evident. Our main effort has therefore been to obtain enough sensitivity of the apparatus to permit determinations after injection of relatively small amounts of Evans blue dye, i.e. 10 to 15 mg. The variations of the optical density of whole blood at different percentages of oxygen saturation, however, influence the dye curve more markedly, the smaller the concentrations of Evans blue dye. An increase of the sensitivity of the present apparatus in relation to apparatus earlier constructed, is thus dependent on a correction for changes in oxygen saturation of the blood sampled. It will furthermore be desirable to make the sensitivity of the apparatus independent of the red blood cell count of the blood used.
The correction for changes in oxygen saturation of the blood sampled during the time of the experiment is based upon measurements on the density of whole non-hemolyzed blood between the wave-lengths of 650 to 540 mit.
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The figures of extinction of the blood were determined by diffused light, as the distance from the cuvette to the photo-tube in the present apparatus is so small, that only a minor amount of light is lost by diffusion. Between the wave-lengths of 545 and 570 m/x, changes in oxygen saturation of whole blood will give variations in density of the same direction as that between the wave lengths of 585 and 650 m/x. As Evans blue dye in serum has maximal absorption of light at the wave length of 624 mil, the highest sensitivity of the apparatus will be obtained by using red light, and a correction for changes in oxygen saturation should be obtained by using green light with maximal irradiation at 560 mil and a band width of 20 mil, in counter phase with the red light. An infrared correction 12 would possibly be preferable. Since no suitable photomultiplier tube with sensitivity in the infra red region of the spectrum is available we have chosen green correction.
The depth of the cuvette in the areas of red and green light, respectively, which theoretically would give the best correction for changes in oxygen saturation, was calculated from the extinction curves of whole blood, the irradiation curves of the lamps, the transmission curves of the filters used, and the sensitivity curve of the photo-multiplier tube. A ratio of the depths of the cuvette in the two areas of three to one was found. Empirically, however, a ratio of two to one has been found to give a better correction. This is probably the result of scattering effect of the blood in the cuvette. The depths of the two halves of the cuvette, which gave a good correction for changes in oxygen saturation of the blood, and which at the same time gave the best hydraulic conditions, was empirically determined to 0.7 mm. in the area of red light, 0.35 mm. in the area of green light. The present shape of the cuvette will, when blood containing Evans blue dye enters it, mainly permits an absorption of red light, while changes in oxygen saturation of the blood passing the cuvette, will give practically the same percentage of absorption of red and green light and only negligible excursion on the recorder. A change of oxygen saturation of one per cent will thus result in a deflection on the recorder corresponding to approximately 0.5 mg. of Evans blue dye per liter of blood. This is less than one third of the excursion that would have been obtained, if no correction for changes in oxygen saturation of the blood had been introduced. Larger deviations of oxygen saturation, for example when blood is sampled from the femoral artery and pulmonary artery, respectively, change the optical balance of the apparatus, but not the sensitivity to Evans blue dye. Though changes in the red blood cell count from one patient to another likewise changes the optical balance of the apparatus, it does not influence its sensitivity.
Considering the hydraulic conditions, the shape of the cuvette is highly critical. The separation of air from the blood sampled will disturb the optical balance and the sensitivity of the apparatus if the air remains stagnant in the cuvette. When blood is sampled through wide lumened catheters this factor is of no importance, as relatively small vacuums are sufficient for producing a sufficient flow of blood through the cuvette, and in this case no visible air is extracted from the blood. The flow of blood through the narrow lumen of double lumen catheters, however, makes it necessary to produce a vacuum of about 600 mm. Hg, which may result in separation of air from the blood. This was found to be minimal in the present cuvette, and if air was separated, it was instantaneously removed by the streaming of blood and did not influence the dye curve obtained. When blood is sampled from the Fio. 3. Graphic record of the dye dilution curve obtained by sampling from a femoral artery after injection of 15 mg. of Evans blue dye into the pulmonary artery.
paratus that a correction is introduced for changes in oxygen saturation of the blood sampled. This makes possible reliable determinations of concentrations of Evans blue dye in whole blood after the injection of only 5 to 15 mg. of Evans blue dye which, in the present apparatus, will give maximal excursions of 5 to 11 cm.
The construction of the amplifier and direct writing system, together with the particular shape of the cuvette, results in absence of drift of base line and changes in hematocrit do not influence the sensitivity of the apparatus to Evans blue dye. brachial or femoral arteries the arterial pressure of the artery is sufficient to drive blood through the cuvette, making vacuum unnecessary. Figure 3 shows a typical record.
The amplification of the apparatus can be adjusted to five different sensitivities to Evans blue dye. Calibration curves are demonstrated in figure 4. Though the calibration curves according to Lambert-Beer's law are exponential, they appear to be linear because of the very small variations of density (max. 0.04), produced by the addition of Evans blue dye in the present concentrations to the blood, in so small a layer as in the present cuvette.
The construction of the photoelectric part of the apparatus excludes "drift" in base line that could possibly occur due to variations in sensitivity of the photo-tube and amplifier. Bick and Jungmunn felt it desirable to check recent conclusions that dicrotic and postdicrotic waves in the aorta-femoral system are caused by reflections from the vascular region of the foot and that their frequency is determined by the length of the effective compression chamber (Windkessel).
Various branches of the abdominal aorta were occluded and released while pulses were recorded from the exposed lower abdominal aorta and femoral artery. The effect on the frequency of the ground wave evoked was studied by measuring the time from the summit of the primary to that of the dicrotic wave (TO, and, more accurately, between the crests of the dicrotic and postdicrotic waves (T2) whenever possible.
It was found that occlusion of the opposite iliac, the caudal or femoral arteries was without influence; occlusion of the celiac artery shortened T in the femoral artery and lower abdominal aorta about S per cent. Simultaneous occlusion of many main branches, except the femoral artery used for recording, decreased T up to 22 per cent.
Calculation of the distance of the reflection point according to the formula of Wetterer and his associates (Ztschr. f. Biol. 104, 256, 429, 1951) Pulse wave velocitv X T fera . = x/2 indicated values which exceeded the length of the animal. This was also true in human subjects with athletic or pyknotic build. It was concluded that the undulations cannot lie due to reflected waves from a region in the lower extremities.
Supplementary clinical studies disclosed that maximal dilatation of leg vessels following epidural spinal anesthesia caused little change in Tf fm .; whereas acetylcholine, which also affects the total oscillating arterial volume, caused total disappearance of femoral dicrotism. Hence the conclusion, that the magnitude and frequency of the ground waves are determined by the volume of arterial blood that is capable of oscillating as well as by the elasticity of the arterial system.
The suggestion that the standing wave may be caused by tension changes in the muscular arteries synchronous with the pulse seems improbable; it fails to take account of the much slower contraction rates of smooth muscle.
After H. D. Bick and H. Jungmunn, Zeitschr. f. KrcisluufTnrsch. 44, 81, 1955. 
